R
espiratory disease caused by influenza A viruses (IAV) has significant health and subsequent economic consequences for the swine industry worldwide, and swine producers struggle to control the virus with traditional methods (1) . The acquisition of the triple reassortant internal gene (TRIG) IAV constellation by swine IAV in the late 1990s in the United States led to an increased rate of reassortments with endemic swine surface genes that had not been previously observed (1, 2) . Transfer of viruses from humans to pigs added to the reassortment dynamics and contributed surface genes from human seasonal viruses to swine lineage viruses (3) . Antigenic drift of the surface genes (4) further expanded the diversity of IAV in North American swine populations. As a consequence, at least 10 different hemagglutinin (HA) genetic clades cocirculate in U.S. swine, H3-IV-A to -F, H1␣, H1␤, H1␥, H1␦1, H1␦2, and H1pdm (5, 6) .
Human-to-swine virus spillover events with sustained onward transmission have been shown to be far more frequent than the opposite route, with gene segments from independent introductions of human seasonal IAV showing sustained onward transmission in swine in at least eight different countries (7) . In addition, the 2009 H1N1 pandemic virus (pdm09) was repeatedly introduced into swine populations across the globe after its initial detection in humans (8) (9) (10) (11) . At least 49 H1N1pdm09 reversezoonosis events were initially reported globally between 2009 and 2012 (12) , but recent data show that these numbers continue to grow due to repeated contemporary human-to-swine transmission of H1N1pdm09 into swine populations, and it is likely to continue to occur as long as H1N1pdm09 circulates in humans in a form to which pigs are susceptible (13) .
Although H1N1pdm09 has been repeatedly introduced into pigs worldwide, neither the H1N1pdm09 surface genes (HA and neuraminidase [NA] ) nor the whole virus has persisted in U.S. pig populations, whereas onward transmission has occurred for the internal genes, particularly polymerase acidic (PA), nucleoprotein (NP), and matrix (M) genes (13) . Notably, the introduction of H1N1pdm09 into pigs was concurrent with an increase in genetic diversity at the whole-genome and surface gene levels of contemporary swine IAV. Reassortment events between endemic swine and H1N1pdm09 viruses have been reported in many countries (8, 10, 14, 15) , and viruses containing different constellations of H1N1pdm09 internal genes are now predominant among IAV circulating in Chinese pigs (16) . In the United States, the M gene from H1N1pdm09 quickly replaced the TRIG M gene, but other H1N1pdm09 internal genes were also detected (5, 17) . To follow these early reports, we conducted a phylogenetic analysis of IAV circulating in swine from 2009 to 2016 in North America to characterize reassortant constellations that emerged after the introduction of H1N1pdm09 virus into pigs. To evaluate how genetic constellations impact virus phenotype in pigs, we compared the pathogenesis and transmission of six IAV isolates that were reassortants between contemporary swine H3N2 and H1N1pdm09 viruses. Viruses were selected to represent currently predominant U.S. H3 and N2 phylogenetic lineages, as well as representative combinations of circulating H1N1pdm09 internal genes. The most frequently detected genotype (n ϭ 119) contained a clade IV-A HA gene, a 2002-lineage NA gene, a pandemic M gene segment, and the remaining gene segments of TRIG origin (Fig. 1) . The genotype containing all TRIG internal genes, a clade IV HA gene, and a 2002-lineage NA gene was the next most frequent (64 isolates).
Among the H3 phylogenetic subclades, the less frequently detected clades IV-C, IV-D, and IV-E were paired more frequently with H1N1pdm09 internal genes, with the majority containing H1N1pdm09 PA, NP, and M (Fig. 3) . Most IV-D strains also contained PB1 and NS from H1N1pdm09, and most IV-C strains contained PB2 from H1N1pdm09 (Fig. 3) . Most clade IV-F isolates contained H1N1pdm09 NP, M, and NS genes, while the two most prevalent clades, IV-A and IV-B, show most internal genes of TRIG lineage (Fig.  3) . Remarkably, all HA clades predominantly paired with the 2002 N2 lineage, except for clade IV-F (Fig. 3) . The virus isolates selected for the in vivo pathogenesis study belonged to the most prevalent HA clades and represented the different genotypes of swine H3N2 circulating between 2009 and 2016.
Swine H3N2 with different genome constellations efficiently infected pigs but resulted in different degrees of pathology. All pigs infected with H3N2 viruses demonstrated mild clinical signs, including mild lethargy and anorexia, consistent with experimental IAV infection. Pigs infected with the genotype 15 virus showed the highest percentages of lung lesions, significantly higher than those of pigs infected with the genotype 6 virus ( Table 1) . Infection with the genotype 10 virus resulted in a percentage of lesions similar to that of genotype 15, although it was not significantly different from the other groups. Overall, microscopic lung lesion scores followed the pattern of macroscopic lesions, with the exception of the group infected with genotype 1 (Table 1) .
In contrast to the pattern observed for lung pathology, substantial mean virus titers were found in the BALF for all groups, and virus was detected in the lungs of all pigs in each group (Table 1) . However, there were subtle differences in mean titers; pigs infected with genotype 4 had significantly higher titers than pigs infected with genotype 15. Pigs infected with the genotype 3 virus had lower BALF virus titers than all other groups except the genotype 15 group (Table 1) .
Distinct patterns of viral shedding and transmission were observed between swine H3N2 IAV reassortants. Both clade IV-B viruses were delayed at the start of virus shedding, and there was no virus detected in nasal swabs of any pigs in these groups at 1 day postinfection (dpi) (Fig. 4A) . Although pigs in the genotype 15 group exhibited the highest percentage of lung pathology, lower virus titers were consistently detected in nasal swabs until 4 dpi. Although not statistically significant, the group infected with the genotype 6 virus showed a trend for lower viral shedding, but with titers comparable to those of the genotype 15 virus.
All viruses transmitted to aerosol-transmission pigs at some point during the course of exposure, with virus being detected in nasal swabs as early as 1 day postcontact (dpc) in some groups (Fig. 4B) . Consistent with the delayed viral shedding in the principal pigs in genotype 3 and genotype 15 groups, virus was not detected in the aerosol-transmission pigs in these groups until 3 and 5 dpc, respectively (Fig. 4B) .
H3 clade diversification impacted serologic cross-reactivity. All aerosoltransmission pigs seroconverted by 15 dpc, with homologous hemagglutination inhibition (HI) titers between 80 and 5,120 (data not shown). Cross-reactivity was detected between the H3N2 viruses and antisera against the other challenge viruses within the same HA genetic clades (Fig. 5 ). In general, clade IV-A viruses (genotypes 1 and 10) were detected by a greater range of reference antisera to different H3 clade viruses, followed by clade IV-B (genotypes 3 and 15) and IV-F (genotypes 4 and 6) (Fig. 5 ).
DISCUSSION
Human-to-swine transmission of the H1N1pdm09 virus has been reported globally since 2009 (8, 10, 18, 19) and continues to occur in association with H1N1pdm09 activity in humans (13) . However, onward transmission of H1N1pdm09 in pigs in the United States is limited to its internal gene segments, particularly the PA, NP, and M genes (13) (14) (15) 20) . Reassortants with the M-pdm09 gene and remaining endemic TRIG genes are predominant in U.S. swine (5), contributing to the genetic diversity of swine IAV and to the origin of an H3N2 variant (H3N2v) that infected more than 300 people in 2011 to 2012 in the United States (21) . Very recently, 18 detections of H3N2v in August 2016 were reported by the CDC that were associated with exhibition pigs (22) , underscoring the importance of monitoring IAV in swine and the potential impact on humans. Many different IAV genotype patterns containing H1N1pdm09 internal genes were initially reported in U.S. pigs (14, 17, 23, 24) , yet H3N2 reassortants with additional H1N1pdm09-TRIG internal gene constellations continued to emerge. Here, we performed whole-genome characterization of 368 swine H3N2 IAV isolates circulating in the United States since 2009 and identified at least 44 different genotypes. We then evaluated the pathogenesis and transmission phenotype of six viruses representative of these genotypes in pigs. Our results show that although all six genotypes efficiently infected pigs, they resulted in different degrees of pathology and viral shedding. Prior to the introduction of H1N1pdm09 from humans into pigs in the United States in 2009, reassortment among endemic IAV, including H3, N2, and the six internal gene segments, was frequent (25) , but the TRIG cassette was maintained and the clade IV HA gene was relatively evolutionarily stable. However, the introduction of H1N1pdm09 was concurrent with an expansion of genetic and antigenic diversity of the HA gene (26) . In the first 3 years after H1N1pdm09 emergence, 11 distinct genomic patterns of H3N2 viruses were observed circulating in U.S. swine through the USDA surveillance system, although no single genotype predominated (17) . Furthermore, it was observed that the well-established H3 clade IV diversified into six different clades, IV-A to IV-F (17). Importantly, the hundreds of human cases of H3N2v in 2011 to 2012 were associated with one of the newly emerged genotypes containing the H3 IV-A and the M-pdm09 gene on the TRIG backbone (21) .
From the 44 different H3N2 genotypes that circulated in the United States from 2009 to 2016, the predominant genetic constellation (genotype 1) was found in 32.33% of the isolates. The next two most frequent genotypes (genotype 2, 17.39%; genotype 3, 6.25%) contained all internal genes of the TRIG lineage but were last detected in 2013. These all-TRIG genotypes likely represent low-prevalence isolates or isolates no longer in circulation in the United States, since the M gene of H1N1pdm09 has almost exclusively been reported in swine IAV based on all available M gene sequences in GenBank, and all available WGS analyzed here from 2014 to 2016 contained M-pdm (5). Complex IAV genetic patterns were also observed among European swine since H1N1pdm09 emergence, with 19 different H1 but only 4 H3 genotypes identified (27) . Interestingly, reassortments involving the H1N1pdm09 and European swine virus internal genes were rare, with only 1% detected (27) , whereas reassortants between H1N1pdm09 and TRIG internal genes represented more than 70% of the isolates in the United States. A possible explanation is that the TRIG lineage is more permissive to reassortment with H1N1pdm09 and incorporation of internal genes. Reassortants with H1N1pdm09-TRIG internal genes were also more frequently detected in China, and the reassortants that circulated the longest had at least five H1N1pdm09-origin genes (16) . These Chinese H1N1pdm09 reassortants became predominant with time, and the authors speculated that the H1N1pdm09 internal genes replace the Eurasian and TRIG internal genes in China (16) . In our analysis, although there was an increased detection of H1N1pdm09 internal genes early after introduction, as of 2013 only the PA, NP, and M genes were extensively sustained. Similar to what was observed in both Europe and China, the HA genetic diversity was the major contributor to the overall genetic diversity constellations in the United States. However, the H3 gene diversity of North American viruses is much more extensive than reported from other regions (16, 27) .
We then compared the pathogenesis and transmission properties of six contemporary H3N2 swine viruses of the most prevalent HA subclades from 2009 to 2016, IV-A, IV-B, and IV-F, with different internal gene constellations. Clinical signs were similar in all challenged groups and typical of influenza infection in pigs. Although all viruses infected pigs and efficiently replicated in the lungs, the resulting lung viral titers and lung pathology differed between virus groups. However, there was no correlation between lesions and viral titers in the lungs. For example, infection with genotype 6 virus resulted in BALF virus titers comparable to those of the other viruses but with less lung pathology. A similar inconsistency between low viral replication in the lungs and a high percentage of lung lesions was observed in a previous study testing viruses from genotype 2 and genotype 8; nevertheless, both genotypes resulted in efficient infection and transmission in pigs (23) . Many factors are involved with influenza pathogenesis, such as infectivity, virulence, and replication efficiency, including the balance between the HA binding and NA cleavage activities (28) or 627K or 627E/701N amino acids in the PA gene (29) . Recently, different H3N2 reassortants containing either three (NP, M, and NS) or five (PA, PB2, NP, M, and NS) genes from H1N1pdm09 were shown to infect pigs at different efficiencies, likely a result of the combination of genes rather than specific segments (30) . In that study, the presence of a human seasonal lineage N2 or increased polymerase activity were suggested to be associated with increased viral transmissibility rather than the H1N1pdm09 internal genes (30) . Similarly, the two viruses in our study with the highest and lowest percentages of pneumonia contained PA, NP, and M of pdm09 lineage, underscoring that combinations of additional gene segments likely played a role in the different pathology observed here.
The kinetics of virus shedding also differed among the infected groups. The genotype 15 H3N2 virus (containing PA-, NP-, and M-pdm09) displayed delayed viral shedding compared to the other groups, which subsequently delayed transmission to naive pigs. The M-pdm09 gene was shown to increase the aerosol transmission of poorly transmissible IAV in a guinea pig model, and it also increased the transmissibility of viruses with the swine TRIG backbone (31) . Overall, among the genotypes containing M-pdm09, there was 98.8 to 100% amino acid sequence homology for this segment. The M segment of the genotype 1 virus contained three amino acid differences (M1 L74P and A227T and M2 V27A) compared to the M genes of all other genotypes with M-pdm09. Additionally, genotype 15 (M1 L234I) and genotype 4 (M1 D232N) contained a single mutation each compared to the remaining genotypes with M-pdm09. These amino acid positions have not been implicated in transmissibility, so a specific role for these mutations remains unknown. Since the M gene of genotype 15, the group with the lowest viral titers and delayed transmission, had only one amino acid difference compared to genotypes 6 and 10 and two amino acid differences compared to genotype 4, our results suggest that transmission efficiency, like replication in the lungs, is a multigenic characteristic and may also be host species dependent. Furthermore, the M-pdm09 segment alone combined with the TRIG backbone resulted in a loss in transmissibility in pigs, but transmission was restored when M-pdm09 and NA-pdm09 were combined (32) . Although M-pdm09 was shown to increase transmissibility in a PR8 backbone, NA-pdm09 also contributed to the transmission of the PR8 reassortant virus in the guinea pig model (33) . Changes in the M segment were also correlated with increased neuraminidase activity, and the authors speculated that these changes were mediated by changes to virus morphology. In contrast to the reverseengineered reassortant studies, viruses used in this study were wild-type field isolates, with amino acid differences between genes even from the same lineage, and therefore further studies are necessary to confirm the role of individual genes in the replication and transmission of reassortant swine H3N2 viruses.
We also compared the serological response and cross-reactivity between the six viruses used in this study against a panel of reference antisera made against human and swine IAV. The two viruses from clade IV-A were broadly detected by monovalent antisera to heterologous viruses, particularly antisera raised against more contemporary viruses. Based on amino acid sequences, these viruses contain the antigenic motif (145N, 155Y, 156N, 158N , 159Y, and 189K) that predicts them to be in the red antigenic cluster of swine H3 IAV according to Lewis et al. (26) . Conversely, the two viruses of the IV-F genetic clade had 145K, 155H, 156K, 158N, 159Y, and 189R/S in antigenic motif positions, which could explain their lack of recognition by the reference panel shown here. As previously observed by Lewis et al. (26) , the phylogenetic clade to which an H3 virus belongs does not predict its antigenic relationships, particularly for clades IV-A, -B, and -F tested here, hence the differences in cross-reactivity observed in this study between antisera raised against viruses of the same H3 clade.
Repeated spillover of H1N1pdm09 from humans to pigs has resulted in substantial changes in the evolution of swine influenza viruses in recent years, increasing the number of possible gene segment combinations and clearly contributing to the genetic and antigenic diversity of IAV in this species. Although neither the H1N1pdm09 virus in its entirety nor its surface genes have been maintained in pigs in the United States, the internal genes are amenable to reassortment with endemic swine viruses, with some gene combinations becoming established and predominant in pigs. Here, we highlight the outstanding diversity of H3N2 genomic constellations that circulated in U.S. swine in the 7 years following the introduction of H1N1pdm09. This diversity has important implications for the swine industry for controlling this rapidly changing pathogen. Notably, the adaptation to swine of viruses containing different combinations of human-adapted genes emphasizes the potential risk for the reintroduction of these viruses to humans, which could have important health consequences, as seen in recent zoonotic events and detections of H3N2v in 2011 to 2012 and more recently in the summer of 2016. In vivo pathogenesis and transmission study. Three-week-old crossbred healthy pigs were obtained from a herd free of IAV and porcine reproductive and respiratory syndrome virus (PRRSV). Upon arrival, pigs were treated with ceftiofur crystalline free acid (Zoetis Animal Health, Florham Park, NJ) and enrofloxacin (Bayer HealthCare AG, Whippany, NJ) to reduce bacterial contaminants and were shown to be seronegative to IAV antibodies by a commercial enzyme-linked immunosorbent assay (ELISA) kit (Flock Check AI MultiS-Screen kit; IDEXX, Westbrook, ME). Pigs were divided into six groups of 10 according to challenge virus as described above and one control group of 8, housed in biosafety level 2 (BSL2) containment, and cared for in compliance with the Institutional Animal Care and Use Committee of the National Animal Disease Center.
Each group of challenged pigs was inoculated intratracheally (2 ml) and intranasally (1 ml) with 1 ϫ 10 5 50% tissue culture infective doses (TCID 50 ) per ml of one of the assigned viruses. Inoculation was performed under anesthesia, using an intramuscular injection of a cocktail of ketamine (8 mg/kg of body weight), xylazine (4 mg/kg), and tiletamine HCL and zolazepam HCL (Telazol; 6 mg/kg) (Fort Dodge Animal Health, Fort Dodge, IA). At 2 days postinfection (dpi), five naive pigs were placed in a separated raised deck in the same room as each inoculated group to evaluate indirect or aerosol transmission. This route is initially aerosol exposure but may also include direct contact with pigs in this group that become infected by aerosol first and then serve as direct-contact sources for the remaining pigs in the deck.
Two pigs died from causes unrelated to IAV infection, leaving 7 pigs in the nonchallenged group (NC) and 9 pigs in the genotype 1 groups. Principal pigs were humanely euthanized at 5 dpi with a lethal dose of pentobarbital (Fatal Plus; Vortech Pharmaceuticals, Dearborn, MI). Bronchoalveolar lavage fluid (BALF) and tissue samples from the distal trachea and right cardiac or affected lung lobe were collected. Aerosol-transmission pigs were bled and humanely euthanized at 15 days postcontact (dpc).
Virus titration. Nasal swabs (FLOQSwabs; Copan Diagnostics, Murrieta, CA) were collected daily from 0 to 5 dpi for primary pigs and from 0 to 5, 7, and 9 dpc for aerosol-transmission pigs in 2 ml minimum essential medium (MEM). For virus isolation, filtered nasal swab (NS) samples were plated in 24-well plates onto confluent MDCK cells washed twice with phosphate-buffered saline (PBS), as previously described (37) . For virus titration, BALF and virus isolation-positive NS were 10-fold serially diluted in serum-free Opti-MEM (Gibco, Life Technologies, Carlsbad, CA) supplemented with 1 g/ml tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-trypsin and antibiotics and plated in 96-well plates; plates were stained at 48 h as previously described (38) . Virus titers were calculated as TCID 50 per milliliter for each sample (39) .
Pathology. At necropsy, lungs were removed and the percentage of the surface affected by pneumonia was calculated based on weighted proportions of each lobe to the total lung volume (40) . Trachea and lung tissue samples fixed in 10% buffered formalin were routinely processed and stained TABLE 2 GenBank accession numbers of the swine H3N2 viruses used in this study
Strain name Genotype
with hematoxylin and eosin. Microscopic lesions were evaluated by a veterinary pathologist blinded to treatment groups and scored according to previously described parameters (41) . IAV-specific antigen was detected in trachea and lung tissues using immunohistochemistry (IHC), and detection was scored as previously described (41) . Individual scoring parameters were combined into a composite score for each individual pig by tissue and staining type and analyzed as average group composite scores. Cytokine assays. Cytokine levels in cell-free BALF samples were determined using a multiplex ELISA according to the manufacturer's recommendations (SearchLight; Aushon Biosystems, Billerica, MA). Cytokine concentrations were reported as the means of duplicate samples for statistical analysis.
Serologic assays. Serum samples were obtained from aerosol-transmission pigs at 15 dpc to test for seroconversion by HI assay. Prior to HI, sera were treated with receptor-destroying enzyme (SigmaAldrich, St. Louis, MO), heat inactivated at 56°C for 30 min, and adsorbed with 50% turkey red blood cells (RBC) to remove nonspecific hemagglutinin inhibitors and natural serum agglutinins. HI assays were performed using standard techniques (42) . Cross-reactive HI was performed with a reference swine anti-H3N2 antiserum panel using the challenge viruses as antigens. Reciprocal titers were divided by 10, log 2 transformed, and reported as the geometric mean.
Statistical analysis. The percentage of macroscopic lesions, microscopic lesion scores, and log 10 -transformed BALF and NS virus titers were analyzed using analysis of variance, with a P value of Յ0.05 considered significant (GraphPad Prism 6; GraphPad Software, La Jolla, CA). Response variables shown to have significant effects by treatment group were subjected to pairwise mean comparisons using the Tukey-Kramer test.
